In the global positioning system (GPS) denied environment, an indoor positioning system based on ultra-wide band (UWB) technology has been utilized for target location and navigation. It can provide a more accurate positioning measurement than those based on received signal strength (RSS). Although promising, it suffers from some shortcomings that base stations should be preinstalled to obtain reference coordinate information, just as navigation satellites in the GPS system. In order to improve the positioning accuracy, a large number of base stations should be preinstalled and assigned coordinates in the large-scale network. However, the coordinate setup process of the base stations is cumbersome, time consuming, and laborious. For a class of linear network topology, a semi-autonomous coordinate configuration technology of base stations is designed, which refers to three conceptions of segmentation, virtual triangle, and bidirectional calculation. It consists of two stages in every segment: Forward and backward. In the forward stage, it utilizes the manual coordinate setup method to deal with the foremost two base stations, and then the remaining base stations autonomously calculate their coordinates by building the virtual triangle train. In the backward stage, the reverse operation is performed, but the foremost two base stations of the next segment should be used as the head. In the last segment, the last two base stations should be used as the head. Integrating forward and backward data, the base stations could improve their location accuracy. It is shown that our algorithm is feasible and practical in simulation results and can dramatically reduce the system configuration time. In addition, the error and maximum base station number for one segment caused by our algorithm are discussed theoretically.
Introduction
The GPS signal belongs to the electromagnetic wave and cannot penetrate the reinforced concrete structure. When indoors or underground, also called GPS-deny environment, it is difficult to locate and navigate the target by GPS [1] or global navigation satellite system (GNSS) [2] . The indoor positioning system based on UWB has gradually become popular in recent years. Since UWB has the ability of an anti-multipath effect, using the methods of time of arrival (TOA) or time difference of arrival (TDOA) [3] , it can provide more accurate distance measurements. Through the trilateral method, the indoor positioning system based on UWB can obtain more accurate location information than others, such as RSS [4] [5] [6] , channel pulse response (CIR) [7] , radio frequency identification (RFID) [8] . Many scholars have made comprehensive research on it. However, how to construct the indoor positioning system based on UWB and the surroundings and how to influence the system performance are the focus
Positioning Algorithm
In this paper, trilateration is adopted, which belongs to an absolute range positioning method. One tag and three base stations exist, similar to Figure 1 . Every base station knows its own coordinate. The range between the base station and tag can be measured by TOA algorithm. If all the ranges between tag and base stations are known, then the tag's coordinate can be solved. Given the tag 2D coordinate is ( , ), ( , ) are the coordinates of base stations, and i d are the ranges between base stations and tag. Then, the ranges can be defined as Equation (1) 
Therefore, the tag coordinate can be transformed into the matrix solution.
Ranging Algorithm
The range between base station and the tag can be measured by the TOA algorithm. The method usually relies on the exchange of signal messages between the two nodes [18] . In order to degrade the effect of the conventional two way ranging (TWR) [19] . The range can be calculated through the symmetric double-sided two-way ranging (SDS-TWR) algorithm [20] , depicted in Figure 2 . Device A sends a POLL packet and transmission time is T1. Device B turns on the receiver in advance, and receives the POLL packet, recording time T2. Device B sends the response packet at T3 (T3 = T2 + Treply1). Device A receives the response packet and records the time T4. Device A sends a final packet at T5 (T5 = T4 + Treply2). Device B receives the final packet and records the time T6. Given the tag 2D coordinate is (x, y), (x i , y i ) are the coordinates of base stations, and d i are the ranges between base stations and tag. Then, the ranges can be defined as Equation (1)
Nonlinear terms x 2 and y 2 exist in Equation (1), which can be eliminated by subtraction operation between d 2 i and d 2 N .
When n base stations exist in a network, a matrix representation form b = A x y can be presented,
The range between base station and the tag can be measured by the TOA algorithm. The method usually relies on the exchange of signal messages between the two nodes [18] . In order to degrade the effect of the conventional two way ranging (TWR) [19] . The range can be calculated through the symmetric double-sided two-way ranging (SDS-TWR) algorithm [20] , depicted in Figure 2 . Device A sends a POLL packet and transmission time is T 1 . Device B turns on the receiver in advance, and receives the POLL packet, recording time T 2 . Device B sends the response packet at T 3 (T 3 = T 2 + T reply1 ). 
The estimation value of TOA is ˆp rop T , and can be calculated using Equation (5) 
When the TOA has been known, the range can be calculated by multiplying light speed. The accuracy of ranging makes a great influence on positioning accuracy. Therefore, there are many algorithms to improve ranging accuracy, such as the enhanced asymmetric DS-TWR [21].
Semi-Autonomous Configuration Scheme of Base Stations
Considering the environment of a mine or tunnel, base stations are deployed at a certain interval on both sides of the mine or tunnel. It is a long linear topology network and can be used for target location and tracking. As shown in Figure 3 , the base stations are represented as BSi (i = 1, 2, 3 …). As mentioned in the preliminary sections, the coordinates of the base stations should be known first. In convention scheme, such process is completed manually, every base station should be measured and calibrated by the instrument. It is time-consuming and laborious, even inconvenient in the field of the mine or tunnel. In the paper, we present a semi-autonomous coordinate configuration strategy based on "segmentation", "virtual triangle", and "forward-backward bidirectional calculation" to assign coordinates for base stations.
Semi-Autonomous Coordinate Configuration Strategy
The so-called semi-autonomous configuration means that most of the base stations can calculate their coordinates by program. There are only two types of base stations in the network, one is needed to assign coordinates by convention operation, and another is needed to calculate by our algorithm. Due to the multipath effect and ambient environment, there exists an error in the calculating process. We have taken some measures to reduce the error and improve accuracy. The first measure is to divide the large-scale network into many segments to reduce cumulative error. The second measure is to calculate bidirectional to reduce error. It mainly consists of two stages: Forward and backward. The foremost two base stations should be assigned coordinates in every segment. It should be noted that, in the last segment, all the foremost two base stations and the last two base stations should be assigned coordinates. The other coordinates would be calculated by semi-autonomous algorithm. In 
The estimation value of TOA isT prop , and can be calculated using Equation (5):
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The so-called semi-autonomous configuration means that most of the base stations can calculate their coordinates by program. There are only two types of base stations in the network, one is needed to assign coordinates by convention operation, and another is needed to calculate by our algorithm. Due to the multipath effect and ambient environment, there exists an error in the calculating process. We have taken some measures to reduce the error and improve accuracy. The first measure is to divide the large-scale network into many segments to reduce cumulative error. The second measure is to calculate bidirectional to reduce error. It mainly consists of two stages: Forward and backward. The foremost two base stations should be assigned coordinates in every segment. It should be noted that, in the last segment, all the foremost two base stations and the last two base stations should be assigned coordinates. The other coordinates would be calculated by semi-autonomous algorithm. In the forward stage, the foremost two base stations of the current segment are the head, the other coordinates would be calculated by virtual triangle train. In the backward stage, the reverse operation process works, but the foremost two base stations of the next segment are as head. In the last segment, it should be adopted that the last two base stations to be its head. That is the main difference in the two stages. Integrating forward and backward data, the base stations could promote their location accuracy. How to build virtual triangles will be discussed in the next section.
In Figure 4 , all the base stations are fixed on both sides of the tunnel. As above-mentioned, this segment's foremost two base stations' coordinates are first assigned. Their absolute position information usually are obtained through a series of physical methods, such as laser measurement or high-precision GPS instrument. For such network topology, semi-autonomous coordinate calculation of base stations begins with building a sequential virtual triangle. the forward stage, the foremost two base stations of the current segment are the head, the other coordinates would be calculated by virtual triangle train. In the backward stage, the reverse operation process works, but the foremost two base stations of the next segment are as head. In the last segment, it should be adopted that the last two base stations to be its head. That is the main difference in the two stages. Integrating forward and backward data, the base stations could promote their location accuracy. How to build virtual triangles will be discussed in the next section.
In Figure 4 , all the base stations are fixed on both sides of the tunnel. As above-mentioned, this segment's foremost two base stations' coordinates are first assigned. Their absolute position information usually are obtained through a series of physical methods, such as laser measurement or high-precision GPS instrument. For such network topology, semi-autonomous coordinate calculation of base stations begins with building a sequential virtual triangle. 
Semi-Autonomous Configuration Process and Algorithm
In a large-scale network, the semi-autonomous coordinate configuration algorithm will increase the cumulative error to lead to a positioning accuracy out of tolerance. Therefore, the large-scale network should be divided into a reasonable scale segment firstly. Our algorithm is implemented in every segment, which improves the accuracy of the positioning.
Therefore, taking one segment as an example, our algorithm is composed of four steps. Firstly, all the foremost two base stations of every segment should be assigned as convention. They will be used as the reference for the semi-autonomous configuration. Secondly, the virtual triangle train would be constructed and un-calibrated base stations' coordinates would be calculated. Thirdly, the backward calibration procedure would be carried out. It has the same operation as the second step in the forward procedure, but using different reference base stations. Lastly, every un-calibrated base station's coordinate would be calculated by averaging the coordination value from the forward and backward procedure.
Real time ranging data acquisition between the base stations is the premise of building a virtual triangle. Through measuring propagation time i t and multiplying by the propagation speed of radio wave , the range can be achieved as Equation (6) = × /2
It is a very important step to choose out the un-calibration base station from the adjacent candidate base stations to build a virtual triangle. Here, the "proximity principle" is adopted. As shown in Figure 5 , one base station should be selected to construct a virtual triangle, combing with the pre-calibration base stations BS1 and BS2. BS3 and BS4 are the candidates. The ranges between BS1 and BS3, BS1 and BS4, BS2 and BS3, and BS2 and BS4 are , , and , respectively. Based on the "proximity principle", if + < + , the base station BS3 is selected. If + = + , then the bottom right base station BS3 is preferred. 
Real time ranging data acquisition between the base stations is the premise of building a virtual triangle. Through measuring propagation time t i and multiplying by the propagation speed of radio wave c, the range l i can be achieved as Equation (6) 
It is a very important step to choose out the un-calibration base station from the adjacent candidate base stations to build a virtual triangle. Here, the "proximity principle" is adopted. As shown in Figure 5 , one base station should be selected to construct a virtual triangle, combing with the pre-calibration base stations BS 1 and BS 2 . BS 3 and BS 4 are the candidates. The ranges between BS 1 and BS 3 , BS 1 and BS 4 , BS 2 and BS 3 , and BS 2 and BS 4 are l 2 , l 6 , l 3 and l 4 , respectively. Based on the Electronics 2020, 9, 33 6 of 15 "proximity principle", if l 2 + l 3 < l 4 + l 6 , the base station BS 3 is selected. If l 2 + l 3 = l 4 + l 6 , then the bottom right base station BS 3 is preferred. Once the virtual triangle is determined, the un-calibrated base station coordinate estimation is transformed into a problem on how to calculate the vertex coordinate of the virtual triangle. The vertex coordinate can be solved by the following algorithm in Section 3.3.
Un-Calibrated Base Station Coordinate Estimation Algorithm of Virtual Triangle
Suppose a virtual triangle has been constructed, which has three vertices of BS1 (x1, y1), BS2 (x2, y2), and BS3. The coordinate of BS3 should be estimated. The procedure on how to calculate the unknown coordinates of the vertex is as follows:
(1) Suppose that the ranges between BS1 and BS2, BS1 and BS3, BS2 and BS3 are set to be , , and , respectively. They can be measured and regarded as known quantity. In accordance with the cosine theorem, angle starting from the edge of BS1 and BS3 to the edge of BS1 and BS2 is calculated by Equation (7). For the convenience of calculation, some intermediate calculation process needs to be transformed to the Cartesian coordinate system, because the angle 1 β starting from the x-axis or horizontal ray to the edge of BS1 and BS2 are the same degree in the two coordinate systems, as shown in Figure 6 . In the Cartesian coordinate system, angle 1 β is easily calculated by Equation (8).
(2) As shown in Figure 6b , or is the angle starting from the edge of BS1 and BS3 to the horizontal ray from BS1, in the polar coordinate system. In the application field, there are two deployment scenarios, as shown in Figure 7 . One is that there is only a straight-line arrangement, the other is that there is a turning at the tail. In transfer procedure of the virtual triangle, the solid line triangle is illuminated for the coordinate estimation transfer process for the first case, and the dotted line triangle is illuminated for another. For simplicity, in the text, the first case is studied and discussed. Another case is the same, just one more judgement step is added. Therefore, in our algorithm, only the azimuth is calculated by
(3) Transform the polar coordinate system to the Cartesian coordinate system and calculate the coordinates of base station BS3 by Equations (10) and (11), as depicted in Figure 8 . 
(4) Through the above steps, we can get all vertex coordinates of the virtual triangle. As shown in Figure 9 , they are the base stations BS1, BS2, and BS3. Since the coordinate of BS3 has been calculated, it can be viewed as a new pre-calibrated base station and would form a new virtual Once the virtual triangle is determined, the un-calibrated base station coordinate estimation is transformed into a problem on how to calculate the vertex coordinate of the virtual triangle. The vertex coordinate can be solved by the following algorithm in Section 3.3.
Suppose a virtual triangle has been constructed, which has three vertices of BS 1 (x1, y1), BS 2 (x2, y2), and BS 3 . The coordinate of BS 3 should be estimated. The procedure on how to calculate the unknown coordinates of the vertex is as follows:
(1) Suppose that the ranges between BS 1 and BS 2 , BS 1 and BS 3 , BS 2 and BS 3 are set to be l 1 , l 2 , and l 3 , respectively. They can be measured and regarded as known quantity. In accordance with the cosine theorem, angle α 1 starting from the edge of BS 1 and BS 3 to the edge of BS 1 and BS 2 is calculated by Equation (7). For the convenience of calculation, some intermediate calculation process needs to be transformed to the Cartesian coordinate system, because the angle β 1 starting from the x-axis or horizontal ray to the edge of BS 1 and BS 2 are the same degree in the two coordinate systems, as shown in Figure 6 . In the Cartesian coordinate system, angle β 1 is easily calculated by Equation (8).
(2) As shown in Figure 6b , β 2 or β 2 is the angle starting from the edge of BS 1 and BS 3 to the horizontal ray from BS 1 , in the polar coordinate system. In the application field, there are two deployment scenarios, as shown in Figure 7 . One is that there is only a straight-line arrangement, the other is that there is a turning at the tail. In transfer procedure of the virtual triangle, the solid line triangle is illuminated for the coordinate estimation transfer process for the first case, and the dotted line triangle is illuminated for another. For simplicity, in the text, the first case is studied and discussed. Another case is the same, just one more judgement step is added. Therefore, in our algorithm, only the azimuth β 2 is calculated by
(3) Transform the polar coordinate system to the Cartesian coordinate system and calculate the coordinates of base station BS 3 by Equations (10) and (11), as depicted in Figure 8 .
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(4) Through the above steps, we can get all vertex coordinates of the virtual triangle. As shown in Figure 9 , they are the base stations BS 1 , BS 2 , and BS 3 . Since the coordinate of BS 3 has been calculated, it can be viewed as a new pre-calibrated base station and would form a new virtual triangle with the original base station BS 2 and the next unknown base station BS 4 . Then, the virtual triangle procedure transfers to the next. The coordinate of BS 4 needs to be calculated. That is to say, such procedure would repeat until all the base stations' coordinates are obtained in one segment. (5) In addition, a backward operation methodology is adopted and applied to our algorithm. As shown in Figure 10 , the pre-calibrated base stations in the next segment can serve as the start of the backward procedure for the previous segment. The procedure is just the same as the aforementioned steps 1 to 4 in the forward. After that, for all the base stations, we can get two sets of values, forward and backward. In our algorithm, the base station coordinate can be determined by the average to improve accuracy. (6) Thus far, one segment can be completed. Such procedure should be iterated until all segments are completed. Please note that the last segment is different from the other previous segments, because there are four base stations needed to be pre-calibrated, the foremost two and the last two base stations. The procedure also can be described as Algorithm A1 in Appendix A.
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Method for Analyzing Semi-Autonomous Configuration Technology Influence on Positioning Accuracy
During the UWB signal propagation and procession, errors will be introduced to cause ranging error. The positioning buildup of error will increase along with the virtual triangle transfer. The accuracy based on UWB is expected to be a centimeter order of magnitude. Once the buildup of error is out of such range, the semi-autonomous configuration method would be considered a failure. Therefore, the method for analyzing semi-autonomous configuration influence on positioning accuracy would be presented in this section. The location estimation process of the tag is shown in Figure 11 . According to the application, the error should be controlled to minimum to degrade its influence on the positioning accuracy. Considering that buildup of error would increase along with the virtual triangle transfer, the quantity of base stations arranged in one segment should be discussed. Assume that N base stations are arranged in the segment, the -th BS position is ( , ). The coordinates of the tag or target to be located is (x, y). The range from target is . An equation can be established 
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During the UWB signal propagation and procession, errors will be introduced to cause ranging error. The positioning buildup of error will increase along with the virtual triangle transfer. The accuracy based on UWB is expected to be a centimeter order of magnitude. Once the buildup of error is out of such range, the semi-autonomous configuration method would be considered a failure. Therefore, the method for analyzing semi-autonomous configuration influence on positioning accuracy would be presented in this section. The location estimation process of the tag is shown in Figure 11 . 
During the UWB signal propagation and procession, errors will be introduced to cause ranging error. The positioning buildup of error will increase along with the virtual triangle transfer. The accuracy based on UWB is expected to be a centimeter order of magnitude. Once the buildup of error is out of such range, the semi-autonomous configuration method would be considered a failure. Therefore, the method for analyzing semi-autonomous configuration influence on positioning accuracy would be presented in this section. The location estimation process of the tag is shown in Figure 11 . According to the application, the error should be controlled to minimum to degrade its influence on the positioning accuracy. Considering that buildup of error would increase along with the virtual triangle transfer, the quantity of base stations arranged in one segment should be discussed. Assume that N base stations are arranged in the segment, the -th BS position is ( , ). The coordinates of the tag or target to be located is (x, y). The range from target is . An equation can be established based on the measured TOA . According to the application, the error should be controlled to minimum to degrade its influence on the positioning accuracy. Considering that buildup of error would increase along with the virtual triangle transfer, the quantity of base stations arranged in one segment should be discussed. Assume that N base stations are arranged in the segment, the i-th BS position is (x i , y i ). The coordinates of the tag or target to be located is (x, y). The range from target is l i . An equation can be established based on the measured TOA τ i .
where P i = x 2 i + y 2 i , L = x 2 + y 2 , and c is the speed of radio wave propagation. s i is the base station configuration error.
Let z a = z T p , L be an unknown vector, z p = [x, y] T . From Equation (12), a linear equation with z a as a variable can be established.
Then, the error vector corresponding to the target estimated position is
where z 0 a is the z a value corresponding to the actual position of the target. The weighted least squares (WLS) method [22] can be used and the covariance matrix of the error ψ can be replaced by the covariance matrix Q of the TOA, which can be obtained
The coordinate of (x, y) in z a is the approximate estimated position of the target. Assuming that the TOA measurements are independent of each other, the Q matrix in Equation (15) is a diagonal matrix. σ is the ranging error.
In Equation (14), since L in z a is a quantity actually related to (x, y), using approximation of Q matrix to replace the covariance matrix of the error vector ψ will lead to error. In order to obtain a more accurate estimated position, a similar processing method can be used, just as the Chan algorithm. When the error of TOA is small, the error vector corresponding to the N quantiles of TOA measurements is
where the sign "·" represents the Schur product, l 0 i is the actual range between the target and i-th base station, and the µ is the TOA measurement error, which approximately follows a normal distribution.
Using TOA measurements to build the covariance matrix of error vector ψ in Equation (14) .
where Q is the covariance matrix of the TOA. In order to obtain the B matrix, the measured l 1 can be substituted for l 0 i , and the first WLS estimated value of z a is
Using the z a value, we can get the new matrix of B. Using such a process, an improved estimated position can be obtained.
where x a i , y a i is the estimated coordinate, (ε x , ε y ) is the error of positioning, l i is the error of the range between the tag and base station.
The range of the error can be calculated by the root mean square (RMS).
Simulation and Performance Discussion of Semi-Autonomous Configuration Algorithm of Base Stations
We have simulated our semi-autonomous configuration algorithm to analyze and discuss its performance. The network deployment is just as shown in Figure 12 , but only one segment is adopted to illustrate. The pre-calibrated base stations are placed at (0, 0) and (15, 25 .982), the others are placed evenly on both sides of the channel with an interval about 30 m. All the base stations can communicate with wireless communication mutually. The noise generated during signal transmission is replaced by Gaussian white noise N (0, 0.1).
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As shown, the base stations' error of the semi-autonomous calculation after backward and forward operation is reduced. The accuracy of base stations has been reduced from 3% to 1.5%. In our semi-autonomous algorithm, the backward operation is also introduced. The 15th and 16th base station would be used as pre-calibrated base stations to calculate base stations' coordinates of the previous segment. Through integrating forward and backward data, the average is obtained, and the base stations could promote their location accuracy. The simulation result is shown in Figure  16 . As shown, the base stations' error of the semi-autonomous calculation after backward and forward operation is reduced. The accuracy of base stations has been reduced from 3% to 1.5%. Now, we know that the semi-autonomous configuration process causes deviations. In order to analyze the impact to positioning accuracy, we have utilized the Monte Carlo method and performed 50 tests to simulate the range error of the tag. Figures 17 and 18 are a comparison of influences on positioning errors by manual and semi-autonomous methods to configure base stations. As shown in the two Figures, the errors caused by our semi-autonomous algorithm is slightly larger than the conventional on-site manual operation method. However, the positioning error fluctuates within the range of −0.1 to 0.2 m by our algorithm. It has little impact on scenarios such as general tunnels and mines and meets our design exception. That is to say, our semi-autonomous coordinate configuration technology of base stations is feasible and practical. Now, we know that the semi-autonomous configuration process causes deviations. In order to analyze the impact to positioning accuracy, we have utilized the Monte Carlo method and performed 50 tests to simulate the range error of the tag. Figures 17 and 18 are a comparison of influences on positioning errors by manual and semi-autonomous methods to configure base stations. As shown in the two Figures, the errors caused by our semi-autonomous algorithm is slightly larger than the conventional on-site manual operation method. However, the positioning error fluctuates within the range of −0.1 to 0.2 m by our algorithm. It has little impact on scenarios such as general tunnels and mines and meets our design exception. That is to say, our semi-autonomous coordinate configuration technology of base stations is feasible and practical. 
Conclusions
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For the shortcoming of the indoor positioning system based on UWB that a great number of base stations should be preinstalled to obtain reference location information, a lot of onsite manual operations should be performed to set up their coordinate parameter in a large-scale network system. However, the coordinate setup process of the base stations is cumbersome, time-consuming and laborious. For a class of linear network topology, a semi-autonomous coordinate configuration technology of base stations is proposed in this paper. Our main contribution is to make the setup process semi-autonomous by referring to three conceptions of segmentation, virtual triangle, and bidirectional calculation. Our algorithm can save a lot of time and labor and does not degrade positioning accuracy. We also discuss the number of base stations assigned in one segment and make simulation to verify the algorithm's performance. The simulation results show that the method is feasible and practical. In the future, we will discuss the non-linear network topology. For j = m + 2 to m + 13 do
1.
In one segment, the pre-calibrated base stations BS 1 , BS 2 are assigned. Select one base station to construct a virtual triangle. l = t × c/2; 2.
Calculate the edge length of the virtual triangle according to the TDOA algorithm, l j−2 , l j−1, l j ; and find the inner angle corresponding to the BS 1 . α j−2 = cos −1 l 2 j−1 +l 2 j−2 −l 2 j 2l j−2 l j ;
3.
Calculate the polar coordinate information of the base station to be sought relative the origin O .
β j = tan −1 y j −y j−1 x j −x j−1 ; β j−2 = β j−2 − α j−2 ; 4.
Calculate the coordinate of the base station. x j = x j−2 + l j−1 cosβ j−2 ; y j = y j−2 + l j−1 sinβ j−2 ;
5.
Use base station BS j−1 and base station BS j as the known vertices of the next virtual triangle and solve the coordinate of BS j+1 .
End for
Step 2. The backward is implemented and the method is the same as the forward.
Step 3. The average operation is performed on the data set of forward and backward. End for
